Introduction
This report involves the calculation of the ideal gas thermodynamic properties of 21 monocyclic hydrocarbons with carbon atom numbers from 3 to 8 (cyc1oalkanes and their unsaturated analogs). For a few of these molecules, thermodynamic properties have been reported. Recently, more complete and reliable information has become available on the structure and vibrational assignments of 111ono-cyclic hydrocarbons. This information permits us to make more precise calculations of thermal functions of some molecules and to calculate the thermal functions of others for the first time. A number of substances, viz., 1,4-cyc1ohepta-diene, 1,4-cyclooctadiene, 1,3,5-, and 1,3,6-cyclooctatriene were not considered in this work due to the unreliability of structural and conformational data and due to the lack of vibrational assignments.
The available data on vibrational frequencies, structural parameters. and energies of different stable conformations have been critically examined and the most reliable values have been selected. Molecular constants for some compounds were estimated in the present work as the experimental values for these molecules are not available, incomplete, or unreliable. The selected molecular constants are given in Tables 1-9 .
Based on the selected values of molecular constants. the ideal gas thermal functions {heat capacity (C;), entropy (SO), Gibbs energy function [-(Go -H~)/T], and enthalpy (H 0 -H ~ )} were calculated by the standard statistical mechanical method using rigid-rotor harmonic-oscillator approximations. The enthalpy offormation (arHO) and the calculated thermal functions have been used to calculate the logarithm of the equilibrium constant of formation (log Kr) by the usual thermodynamic formulas [subscript f denotes formation by the reaction nC(c,graphite) + mH 2 (g) = C n H 2m (g) 1. The procedures for calculation of thermodynamic properties are similar to J. Phys. Chem. Ref. Data, Vol. 15, No.2, 1986 24. Ideal gas thermodynamic properties for 1,3- 1 The fundamental physical constants and thermodynamic properties of the elements in their reference states used in the calculations are also taken from Ref. 1 a Although cyc10butane has the nonplanar confo:rmation (.P2d symmetry), the s;y.mmetry number 8 1s given in the table due to the fact that the molecule is undergoing inversion through its p~ configuration (~h symmetry).
b The ring-;UCkering frequency '116 '" 199 cm-l is not given in table as the contribution derived for the inversion motion of oyc10-butane has been obtained by the direct summation over the energy levels. a Numbers in parentheses represent the accidental multiplioities since some of the close-lying frequencies were averaged due to their large uncertainty.
b The pseudorotational oontribution was calculated by free rotation fODlU1ae l • c Although cyclopentens has the nonp1anar structure (Q!! symmetry), the symmetry munber 2 is given in the table due to the fact that the molecule is undergoing inversion through its planar configuration (Q2v symmetry).
d The -ring-puckering frequency "33 = 127 om-I is not given in table as the contribution due to inversion of cyc10pentene was obtained by direct summation over the energy levels. Vibrational frequencies see Table 5 see Table 5 see Table 5 see Table   Enthalpy Vibrational frequencies see Table 7 see Table 7 see Table 7 see Table 7 Enthalpy of formation at Vib:cational frequencies aee Table < ;) see Table 9 see Table 9 see Table 9 see Table 9 Enthalpy o:f fOJ:"lne. .9 2y ' 6 = 2, ~ = 1 g
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d 92h _,6 ='2, !!:=11) (2) 980 (2) 994 1400(6) 900 (2) 930 (2) 940 (2) The inversion motion contributions to the thermodynamic properties for cyclobutane and cyc10pentene were calculated by the use of· the potential function of type V(x) = !kx2 + ax 4 . These potential functions are based on experimentally observed transitions and barrier heights of the inversion mode for the respective molecules. The contributions due to inversion were obtained by the summation over the energy levels calculated from the potential functions. The procedure for energy levels calculations was described previously. 3, 4 The pseudorotation contributions to the thermodynamic properties of cyclopentane were calculated using the free rotation model. 1 The thermodynamic properties of molecules with several stable conformations were calculated by assuming the same fundamental frequencies and principal moments of inertia for all conformers (only the discrepancies in symmetry numbers and relative energies were taken into account).
It should be emphasized that the chiral conformations (C 1 ,C 2 ,D 2 symmetry) exist as an equimolal mixture of two enantiomeric forms. The contribution to the thermodynamic properties of two optical isomers is obtained by adding the entropyofmixing,S:nx =R In 2, toS and -(Go -H~)
IT, which is equivalent to assuming the effective symmetry number U eff = uln (uis the symmetry number, n = 2 is the number of optical isomers). For that reason Tables 4, 6 , and 8 show the numbers of optical isomers together with other molecular constants.
Uncertainties in the calculated thermal functions (Table 31) were obtained by taking into account the inaccuracy of selected molecular structural and spectroscopic data and inaccuracy due to the deviation from the rigid-rotor harmonic-oscillator model. The procedure for the approximate evaluation of these uncertainties was described previously. 1 Uncertainties in adopted enthalpies offormation (Table 31) for most of the substances were taken from data of Pedley and Rylance.
2 For 1,3-cyclobutadiene, 1,4-cyclohexadiene, and 1,3-cyclooctadiene uncertainties in a r HO(298.15 K) were estimated in the present work. The selection of the enthalpy of formation values for these three substances will be described below.
Comparisons of the oalculated and experimental entropy and heat capacity values are given in Tables 32 and 33 , respectively.
Cyclopropane
The rotational constants Bo and Co were obtained from high-resolution infrared spectra 5 -7 and from pure rotational Raman spectra,8-10 respectively. The structural parameters estimated from rotational constants 9 ,10 are consistent with electron diffraction data. 11 The product of the principal mo-· ments of inertia of cyclopropane (Table 1 ) was calculated using the more precise rotational constants of McCubbin et aU and Butcher and Jones. 10 Various workers have studied the infrared and Raman spectra of cyclopropane. 5-8,10,12-15. Duncan and McKean 14 Table 32 ; the discrepancy in C; amounted to 2 J K-l mol-1 at 1000 K). As we have used more reliable input data, our calculated thermodynamic properties are believed to be the most reliable.
Cyclopropene
The molecular structure of cyc1opropene was investigated by electron diffraction 25 and microwave 26 ,27 techniques. The structural parameters obtained in these studies are mutually consistent. The rotational constants determined by Stigliani et al., 27 which are believed to be more precise, were used to compute the product of the three principal moments of inertia (Table 1) .
Vibrational spectra of cyclopropene were studied by various workers. 28 -3o The fundamental frequencies used in our calculations ( Yum and Eggers. 30 Ideal gas thermodynamic properties for cyc1opropene are listed in Table 11 . Unfortunately, no experimental data on _ gaseous C; and S' are available for comparison; however, the thermal functions computed in this work are practically identical with those reported earlie~0.32 (the comparison for S" is given in Table 32 ).
Cyclobutane
Infrared,33-37 Raman,34-36 nuclear magnetic resonance,38 and electron diffraction 39 -42 studies have shown that cyelobutane undergoes inversion and the ground-state molecular structure is puckered (D 2d symmetry). Ab initio 43 ,44 and semiempirical 45 -49 calculations confirm these ex~ perimental results. Different conclusions, however, have been reported with regard to the degree of ring puckering and the value of methylene group rocking. The product of the principal moments of inertia for cyclobutane ( Table 2) was calculated from electron diffraction structural data obtained by Takabayashi et al., 42 except for the methylene group rocking angle. Takabayashi et al. 42 estimated this angle, r 6°, assuming the linear dependence of this parameter from the ring puckering angle. We adopted r = 4° according to data 38 ,44,48,49 as they appear more reliable. The ring puckering angle cp = 26° determined by Takabayashi et al. 42 agrees well with the values obtained from nuclear magnetic resonance data 38 and the high quality ab initio calculation. 44 This result significantly differs from the previous conclusions 33 -3 6,41 ascribing to the cyclobutane ring much higher nonplanarity of approximately 35°.
Infrared and Raman spectra for the vapor, liquid, and solid phases of cyclobutane were investigated. 33 , 35, 36, [50] [51] [52] [53] Until recently, the vibrational frequencies determined by cm -1. The partition function. for inversion is based on these 60 levels with the first 7 levels being the experimental levels from which the potential function was derived. Ideal gas thermodynamic properties for cyclobutane are given in (Table 32 ). This discrepancy is practically within uncertainties of the experimental and calculated values. Another two available calculations (Table 32) :xl we suppose that our data are more precise. Chang et al. 24 ,sed· the molecular constants evaluated from the molecular !Jcchanics calculation. Then:fon::, the good agreement ctweentheir and our values of entropy (Table 32) is fortuitous (the discrepancy in C; amounted.to 2.8 J K-1 mol-1 at 500 K).
Cyclobutene
The molecular structure of cyclobutene has been studied by the visual electron ditIraction method 56 and by microwave techniques. 57 ,58 Cyclobutene has a planar structure. The rotational constants determined in microwave studies 57 ,58 agree well. Bak et al. 58 studied the microwave spectra of cyc10butene and four of its isotropic species. From these data they 'calculated the structural parameters of cyclobutene. These parameters are in good agreement with those obtained by Wieberg and Wendoloski 59 from ab initio calculation. The product of the principal moments of inertia, given in Table 2 , was calculated using the rotational constants of Bilk at al. 58 Lord and Rea 60 observed both the Raman spectrum of the liquid and the infrared spectrum of gas and liquid, and made a complete assignment of the vibrational frequencies for cyclobutene. Unobserved V 9 -V 12 modes of A2 symmetry were evaluated by c;;omparison with suitable fundamentals of B2 symmetry. Sverdlov and Krainov 61 carried out the normal coordinate analysis and proposed new assignments for several frequencies. The reassignment of spectral data 60 was also made by Suzuki and Nibler 62 from their investigation of vibrational spectra of cis-3,4-dichlorocyc1obutene. The most reliable assignment seems to be that reported by Aleksanyan and Garkusha 63 from infrared and Raman spectra of gaseous, liquid, and solid states of cyclobutene. This assignment was adopted in the present work, exoept for two unobserved frequencies of A2 symmetry, V9 and V ll ( Table 2) . We have perf erred the vapor phase values whenever available. For the CH 2 -stretching mode ("9 ) the value of 2955 cm -1 was chosen in accordance with the estimation made by Lord and Rea. 60 The assignment of the CHz-rocking fundamental (VII) has been less certain. Lord and Rea 60 have evaluated it as 640 em-I, whereas Sverdlov and Krainov,61 using a. normal coordinate treatment, have assigned the band at 1276 cm -1 to a "11 fundamental. From comparison with the CH 2 -rocking fundamentals of cyclopentene 64 we estimated this frequency as 1000 ± 150cm -1. Table 13 . Ideal gas theDll~C properties tor c7CloblltleD8 Ideal gas thermodynamic properties for cyclobutene ire presented in Table 13 . There are no experimental data for comparison. The thermal functions calculated by Danti 65 are different from ours by up to 3.4 J K -1 mol-1 for S' (1000 K) and 2.7 J K-1 mol-1 for C; (298.15 K) (see also Table 32 ). As we used the most recent and complete data, our thermal functions are believed to be more reliable.
1,3-Cyclobutadiene
The question of the ground-state structure of cyc1obu-tadiene has been of great interest to both experimental and theoretical chemists over the past 15 years. The observed infrared spectrum of matrix isolated cyclobutadiene originally has been interpreted as indicating a square-planar structure for the molecule because the number of bands agreed with the number expected,66--68 and because the frequencies agreed with those calculated theoretically for a square ground state. 69 ,70 However, a number of semiempiricaFI-73 and good ab initio 7 4-80 calculations ofthe geometry all agree in predicting a rectangular ground state instead. Masamune et al. 81 concluded from an improved experimental infrared spectrum that the cyc10butadiene ring is not square but most likely rectangular. This is supported by the similarity found between Masamune's and the computed infrared spectrum of rectangular cyclobutadiene.
77 ,79,8o,82 Thus the evidence, both theoretical and experimental, leads to the conclusion that the cyc10butadiene ring in the ground state is not square but rectangular (D 2h symmetry).
There are no experimental data on the molecular structure of cyclobutadiene. The product of the principal moments of inertia (Table 2 ) was calculated based on the estimated structural parameters for planar rectangular geometry:
and r(C = C) = 1.34 ± 0.03 A, rCC-C) = 1.55 ± 0.03 A, r(C-H) = 1.08 ± 0,02 A.
These parameters were adopted by comparing the results of ab initio calculations for cyclobutadiene 75 ,76,78.8o and semiempirical calculations for cyc10butadiene and cyclobutene.72 (The experimental molecular structure is known for cyclobutene and it helps to estimate the uncertainty of theoretical predictions for cyclobutadiene. ) Only five vibrational fundamentals were assigned from the infrared spectrum of matrix isolated cyc1obuta-diene 66 ,81.82: 570 cm -I (v 12 , B lu' CH wagging); 1240 cm-1
' CH stretching); and 1520 cm -1 (v 17' B 3u' C = C stretching). These values were adopted in the present work ( Table 2 ). The vibrational spectrum of cyclobutadiene was calculated by the ab initio method. 77.7q.RO.&~ Whitt: tht: calculatt:d intt:llsities wt:re fuund to be in good agreement with those observed experimentally, an appreciable discrepancy exists between calculated and experimental frequency values (up to 100-250 cm-I ). To obtain more reliable data for unobserved fundamentals, a nor-J. Phys. Chern. Ref. Data, Vol. 15, No.2, 1986 
Cyclopentane
Kilpatrick et al. 88 introduced the concept of pscudorotation to explain the high gas phase entropy value of cyclopentane. The cyclopentane equilibrium conformation has been shown by Pitzer et al. 88 • 89 to be puckered in contrast with the previously assumed planar conformation (D 5h symmetry), and to vary continuously on an equipotential energy surface. Semiempirical and ab initio calculations of tht: rdativt: t:IlCa'git:s for different conformations of cyclopcntane 9 0-93 ,257 confirmed that a pseudorotation of the ring puckering takes place. This implies a close similarity between the energies of the nonplanar half-chair (C 2 symmetry) and envelope (C s symmetry) conformations. The most direct evidence for pseudorotation in cyclopentane has come. from spectroscopic studies. 9 4-96 Electron diffraction investigation 97 also agrees with the pseudorotation of cyclopentane and shows the ring to be decidedly nonplan.ar.
Since cyclopentane undergoes an almost unhmdered pseudorotation, that is, all conformations of p~ckered molecule are energetically equivalent, the effective nonplanar structure (C 1 symmetry) is adopted for cyclopentane. The product of the principal moments ofinertia, given in Table 3 Table 33 ). The agreement of calculated values of S at 230,260, and 323.2 K (274.4,282.4, and 299.9 J K-1 mol-I, respectively) with earlier calorimetric data of Aston et a[.259 (273.0, 282.4 , and 297.9 J K -1 mol-1, respectively) is not as good as with more recent experimental data. 88 ,101 Our thermal functions are in good agreement with those calculated by Kilpatrick et al. 88 and McCullough et al.101 at low temperatures. The discrepancies, however, increase at higher temperatures up to 1.8 J K-1 mol-1 for S (1500 K)IOJ and 2.7 J K-1 mol-1 for
Co (1500 K). 88 These discrepancies, as well as the discrep:ncies with thermal functions calculated by Chang et al. 24 are due to the difference in molecular constants used in calculations. As we have used more recent and reliable data, we 
Cyclopentene
Microwave studies,102-104 electron diffraction investigation,105 and analysis of the ring-puckering potential function from infrared and Raman spectra,106-108 as well as ab initio calculation 257 established that cyclopentene has a nonplanar ground-state conformation (envelope, C s symmetry) and the molecule undergoes inversion through its planar configuration (C 2v symmetry) . The product of the principal moments of inertia, given in Table 3 , was calculated using the. rotational constants of Rathjens. 102 Assuming the values of some structural parameters, Rathjens 102 evaluated the ring-puckering angle as 22° . From analysis of the ring-puckering potential of cyc1open-tene the dihedral angle was deduced to be 22-26° .106,108,260 The electron diffraction value is somewhat larger (29° ).105 The value obtained by ab initio computation 257 is probably too small (13.6° ).
Vibrational spectra of cyclopentene were studied by various workers.
64 ,109-113 The fundamental frequencies for gaseous cyc10pentene used in our calculations (Table 3) were taken from the more detailed investigation of Villarreal et al. 64 These authors have measured the infrared and Raman spectra of cyclopentene and it'.) isotopic species in all three aggregation states. In conjunction wth a normal coordinate analysis, vibrational assignments are proposed on the basis ofisotopic shift ratios, group frequency considerations, relative band intensities, and shapes, as well as depolarization ratios.
The thermodynamic-property contributions due to inversion of the cyclopentene ring were· obtained by direct summation over the energy levels calculated with a potential function. The procedure for energy level calculation was described previously.3,4 Several investigations of the double minimum ring-puckering potential function of cyclopentene have been reported. 104,106-108,260 Laane and Lord 106 have reported the potential function derived from experimentally observed transition of the inversion modes for cyclopentene. This function is based on an estimated value of reduced mass. More recently, Villarreal et al.'l61 have calculated the value of reduced mass and the potential function was recalculated. In this work the potential function given by Villarreal et al. 261 based on the study of Laane and Lord 106 was used to calculate 60 energy levels. The potential function for inversion is V(x) = 7.11 X 105x4 -25.7X 10 3 x 2 (where x is the ring-puckering coordinate) with a barrier height (232 ± :5) cm -1. The partition function fOI-inversion is based on these 60 levels with the first 12 levels being the experimental levels from which the potential function was derived.
Ideal gas thermodynamic properties for cylopentene Table 32 , it might be expected to fall within the range 0.8-1.5 J K -I mo}-1.
1,3-Cyclopentadiene
Scharpen and Laurie l16 have made microwave measurements of cyclopentadiene and three of its isotopic derivatives containing l3e from which the structural param-J. Phys. Chem. Ref. Data, Vol. 15, No.2, 1986 eters for the planar carbon atom ring were found. Damiani et al. 117 have studied the microwave spectra of five deuterated species of cyclopentadiene and have calculated the complete molecular structure using the data of Scharpen and Laurie. 116 The rotational constants obtained in this way do not significantly differ from the values reported by Scharpen and Laurie. For computation of the product of the principal moments of inertia ( Various workers"have studied the infrared and Raman spectra of cyclopentadiene,84,119-123 but the available vibrational assignments have differed appreciably from one another. The more reliable interpretation of the vibrational spectrum of cyc10pentadiene was proposed by Gallinella et al. 84 , 122 These authors investigated the infrared spectra in the three aggregation states and the liquid-and solid-phase Raman spectra of cyc10pentadiene and its deuterated species. In order to confirm the vibrational assignment they also presented the results of a normal coordinate treatment. The fundamentals, given in Table 3 , are those for liquid cyclopentadiene reported by Gallinella et af., 84 as the assignment for vapor phase is incomplete. The use of liquid state frequencies instead of those for the vapor state causes small errors in calculated thermal functions (the average vaporliquid shift is found to be 5 cm -1 ) .
Ideal gas thermodynamic properties for 1,3-cyc1open-tadiene are listed in Table 17 . Grant and Walsh 124 reported a measurement of the entropy of cyclopentadiene from a study ofthe equilibrium between H 2 , condensed cyclopentene, and condensed cyclopentadiene (see Table 32 ). There are no calorimetric determinations of this entropy. The entropy values computed in this work are in good agreement with those obtained in other calculations 114,125 at low temperatures. All calculated values of S' (298.15 K) are different from the entropy value obtained using equilibrium data 124 (Table   32 ), but the inaccuracy of the latter is rather large. The difference in molecular constants used in this work and other calculations 1 14,125 is the reason for discrepancies in entropy 
Cyclohexane
Electron diffraction studies,126-130 analysis of vibrational spectra,92.131-137 dynamic nuclear magnetic resonance spectroscopy,138 and theoretical ca1culations90.139-I43 indicate that the chair conformation (D 3d symmetry) is the most stable form of cyclohexane. The strain-energy calculations90.139-143 show that there are also two conformations, twist-boat (D 2 symmetry) and boat (C 2 symmetry), with an energy of about 20-25 kJ mol-1 above that of the chair form. The twist-boat and boat forms can interconvert by pseudorotation. Calculations suggest that the twist-boat forms are at the minima of the pseudo rotation path and that the boats are the transition states about 4 kJ mol-I above the twist boats. Direct experimental information on the twist-boat form wa.s obtained from nuclear magnetic resonance spectroscopyl38 and matrix-isolated infrared spectra. 136 ,144 In the present work the twist-boat conformation was considered together with the basic stable chair form. Relative energy of the twistboat form, 1925 ± 70 cm-1 (23 ± 0.8 kJ mol-I), given in (Table 32) and the calculated C; values are 0.2-2.7 J K,-I mol-I less than the experimental data of Spitzer and Pitzer 258 (Table 33) . We suppose these discrepancies are within experimental uncertainties. The molecular constants of cyc10hexane are rather reliable and we cannot find any reason for their modification. (Some different vibrational assignments for cyc1ohex-ane were considered in this work and for all of them the thermal functions are less than experimental values.) Becketfetal. 145 have achieved the agreement with the experiment~lvaJue of SO· (298.15 K) by fitting the molecular constants \Ulknown at the time. The largest discrepancies with thermal 
Cyclohexene
Half-chair form (C 2 symmetry) has been found to be the most stable conformation of cyc10hexene by electron diffraction measurements. 14 6-148 Similar conclusions were reached by microwave techniques,I49,150 infrared and Raman studies,151-153 nuclear magnetic resonance spectroscopy,154 as well as ab initiol55.257 and force-field 156-160 calculations. To explain the difference between calculated and experimental values of entropy and heat capacity, Beckett et al.109 have suggested that cyc10hexene exists as a mixture of half-chair and half-boat ( C s symmetry) conformations where the former is the predominant form and is more stable than half-boat by 11.3 kJ mol-I. However, the more recent experimentaP52.154 and force_field I5 6-160 results have shown that the half-boat form is approximately 20-30 kJ mol-I higher in energy than the half-chair. According to most of the force-field calculationsI57-160 the half-boat is a transition state (an energy. maximum), A metastable half-boat form (an energy minimum which lies slightly lower than the potential maximum), on the other hand, is favored by analysis of the twisting mode region of the Raman spectrum. 152 Since the energy of half-boat conformation is rather high in both cases, we have not considered this form in our calculations.
The product of the principal moments of inertia for the half-chair conformation of cyc10hexene (Table 4) was calculated using the rotational constants of Scharpen et al.
149
The adopted rotational constants are in excellent agreement with those obtained in another microwave study.I50 From microwave data, 149.150 the molecular structure of cyc1ohex-ene was estimated assuming a number of structural parameters. All in all this structure agrees with those obtained from electron diffraction studiesl47.148 and ab initio calcula- (Table 33) . In order to achieve the agreement between experimental and calculated values of C;, Beckett et al. 109 suggested the existence of the half-boat form with relative energy of 11.3 kJ mol-I. However, the more recent results have shown that this suggestion is not correct (see above) .. We think that the accuracy of the experimental value of C; is not sufficiently high to discuss the disagreement between the experimental and calculated C; values. The largest discrepancies between thermal functions calculated by Beckett et al. 109 and given in Table 19 are equal to 7 J K -I mol-1 for SO ( 1500 K) and 5.7 J K -1 mol-1 for C; (500 K) and are due to the difference in adopted molecular constants.
1,3-Cyclohexadiene
. fhe· nonplanar twisted conformation of C 2 symmetry was found for 1,3-cyclohexadiene from electron diffraction studies 161-163 and semiempiricall64.165 and ab initiol55.166 calculations. The rotational constants of 1,3-cyclohexadiene were obtained by microwave studies.167.168 Assuming the bond distances and bond angles from related compounds, Butcher 167 estimated the dihedral angle in agreement with electron diffraction values161-163 and showed that the moments of inertia calculated from the proposed molecular structure of C 2 symmetry are close to those obtained from rotational constants. The product of the principal moments of inertia, given in Table 4 , was calculated using the rota-J. Phys. Chem. Ref. Data, Vol. 15, No.2, 1986 169 investigated the Raman spectrum of gaseous 1,3-cyclohexadiene and obtained the ring-twisting potential function from which the barrier to inversion of the ring through its planar configuration was determined to be 1099 ± 50 cm -1. We do not consider the inversion motion in 1,3-cyclohexadiene because the barrier to inversion is sufficiently high.
Di Lauro et al. 85 reported the complete vibrational assignment for 1,3-cyclohexadiene from the infrared measurements in gaseous and liquid states and the Raman study in the liquid state as well as from a normal coordinate analysis. Some of these frequencies were reinterpreted by Warshel and Karplus 164 based on the force-field calculation. Carreira et al. 169 investigated the Raman spectrum of gaseous 1,3-cyclohexadiene, but no detailed assignment was proposed. Fundamentals, presented in Table 5 , are those obtained by Di Lauro et al. 85 We prefer the vapor state values whenever available.
Ideal gas thermodynamic properties for 1,3-cyclohexadiene. given in Table 20 . are reported for the first time. No experimental data are available for comparison.
1,4-Cyclohexadiene
Over the years, conclusions regarding the eqUilibrium configuration of 1,4-cyclohexadiene were contradictory. An early infrared and Raman investigation 170 was interpreted on thebasisof.D 2h (planar) symmetry. More recently, Stidham l7I has reinvestigated the vibrational spectra of 1,4-cyclohexadiene and supported the planar configuration, although he could not rule out a boat form (C 2v symmetry) that inverts through the planar form. Although subsequent studies involving electron diffraction,l72 nuclear magnetic resonance,173 and semiempirical calculationsl57.174 also supported a planar conformation, there were conflicting reports involving electron diffraction,163 nuclear magnetic resonance, 175 and semiempirical calculation, 176 which supported a boat conformation. The electron diffraction study of Oberhammer and Bauer 163 constituted the major evidence against a planar structure, but their conclusion was based on an erroneous interpretation of the experimental data. 155 The planarity of the 1,4-cyclohexadiene ring waS conclusively determined by the combination of the far-infrared and Raman data for the ring-puckering mode. 169,177 The conformation of 1,4-cyclohexadiene must closely correspond to the parabolic potential energy curve involving wide amplitude vibrations around the planar form, as described from infrared and Raman spectra in the low-frequency region 169 ,177 and supported by the semiempiricaI 174 ,178,179 and ab initio 155, 166, 178 calculations.
The molecular structure of 1,4-cyclohexadiene was determined by electron diffraction measurements. 163 ,172 Although Dallinga and Toneman l72 adopted the planarstructure, for a variety of reasons l62 ,163 their data seem to be unreliable. Oberhammer and Bauer 163 have interpreted their data for a bent structure with a dihedral angle of 159.3° because no large amplitude vibrations have been taken into account. These authors have also tested a planar structure which showed worse agreement with experimental data. For lack of more reliable data, the structural parameters of the planar model obtained by Oberhammer and Bauer 163 were used for calculation of the product of the principal moments of inertia given in Table 4 . Table 5 , are those of Stidham. l71 We preferred the vapor-phase values whenever available. Unobserved vibrational frequencies and the values of V 25 , 1134' and V36 were taken from the assignment of Ermer and Lifson. 113 The ringpuckering frequency, V 31 (B 2u ), is that observed by Laane and Lord l77 from the far-infrared spectrum.
No experimental data on the enthalpy of formation of l.4-cyclohexadiene are available. The value presented in Ta- 
Cycloheptane
Extensive conformational energy calculations 90 ,182-184,263 have been done on cycloheptane and these have led to an identification of four basic conformations: chair (C s symmetry), boat (C s symmetry), twist-chair (C 2 symmetry), and twist-boat (C 2 symmetry). On the energy profile during pseudorotation, obtained in these studies, the twist-chair and twist-boat forms are located at the minima and the chair and boat forms at the maxima. The twist-boat form is approximately 10-15 kJ mol-1 higher in energy than the most stable twist-chair conformation. Vibrational spectra of cycloheptane l85 were interpreted on the basis of one rigid conformation, viz., the twist-chair form. However, the best agreement with experimental electron diffraction data 186 was obtained for a mixture of two minimum-energy conformers: the most stable twist-chair form and the chair form with energy higher by 3.8 kJ mol-I. We have performed calculations of S' (298.15 K) for models of the different conformational composition and made comparison of the experimental entropy with the calculated values. 187 An inspection of these values shows that an excellent agreement exists for the twist-chair conformer alone or for the mixture of twist-chair and twist-boat, while the mixture of twistchair and chair reported in electron diffraction study 186 has a noticeable discrepancy. From these considerations only two stable conformations of cycloheptane, twist-chair, and twistboat, were taken into account in the present work. Relative energy of the twist-boat form, 1200 cm -I (14 kJ mol-I ), given in Table 6 , was obtained by Bocian and Strauss 184 from the strain-energy calculations.
The gaseous electron diffraction structural data of Dillen and Geise 186 for the twist-chair form were used tocalculate the product of the principal moments of inertia (Table   6 ). These structural parameters are consistent with those obtained by the force-field calculations. 90 ,182-184,263 The vibrational frequencies of cycloheptane used in our calculations (Table 7) were taken from a study by Bocian and Strauss. 185 These authors have examined in detail the vapor-and liquid-phase infrared spectra, vapor-phase farinfrared spectrum, and liquid-phase RUIIlan spectruIIl; special attention has been given to the low-frequency region. In addition, a normal coordinate analysis was performed to confirm the vibrational assignment and to estimate the unobserved frequencies.
Ideal gas thermodynamic properties for cycloheptane are listed in Table 22 . The calculated value of S' (298.15 K), ·as shown in Table 32 , coincides with the calorimetric entropyl88 and is close to that calculated by Chang et al. 24 However, the discrepancies between the thermal function reported by Chang et al. 24 and listed in Table 22 increase to 2.3 J K-1 mol-1 for S' and 7.3 J K-1 mol-I for C; as the temperature increases to 500 K. These discrepancies are due to a difference in molecular constants used in calculations ( Chang et al. 24 evaluated the molecular constants from the molecular mechanic calculations).
Cycloheptene
The conformational properties of cycloheptene have been studied experimentally by vibrational spectroscopy189 and by nuclear magnetic resonance techniques. 190 Observed spectra were, in both cases, interpreted in terms of a C s symmetric chair form being the most stable conformation. Predictions of the conformations of the molecule have been made from force-field calculations. All recent calculations 143 ,157,191-193 imply that the chair conformation is only slightly more stable than the C z twist conformation (the C 2 twist form is 2-7 kJ mol-1 higher in energy). Another local minimum for the boat form (C s symmetry) was supported by some workers, 157,191 but this proposal was not confirmed by more reliable calculations.143.193 Two stable conformations of cycloheptene were considered in this work: the most stable chair form and the C 2 twist form with the energy higher by 500 em -1 ( --6 kJ mol-1 ). The relative energy of the C 2 form was estimated by averaging the values of the above parameters obtained in different force-field calculations. 143.157.191-193 There are no direct experimental data on the molecular structure of cycloheptene. The product· of the principal moments of inertia for the chair conformation of cyc10heptene (Table 6 ) was calculated using the structural parameters obtained by Ermer and Lifson 193 from the force-field study. Adopted parameters are in good agreement with those calculated in other force-field studies 143 ,192 and are close to structural parameters in related compounds for which experimental data are available.
Neto et al. 189 have investigated the infrared spectra of cycloheptene in all three physical states and the Raman spectrum in the liquid state and carried out a normal coordinate analysis to confirm their vibrational assignment. The fundamentals, presented in Table 7 , are those for liquid cycloheptene reported by Neto et al. 189 Vapor-liquid frequen-J. Phys. Chem. Ref. Data, Vol. 15, No.2, 1986 Table 23. Ideal gas tbermodynamie properties for c;yc1obeptene cy shifts were taken into account in estimation of the inaccuracies in the vibrational frequencies. Ideal gas thermOdynamic properties for cycloheptene, given in Table 23 , are reported for the first time. No experimental values of SO and C; are available for comparison.
1,3-Cycloheptadiene
A number of experimental and theoretical studies have been reported on this molecule with contradictory conclusions about the most stable conformation. Electron diffraction data 194 ,195 indicated that the carbon skeleton is planar except for the one carbon atom (C s form). A nuclear magnetic resonance study, 196 on the other hand, was consistent with a C 2 twist form. Schrader and Ansmann,197 from infrared data on stretching vibrations of the double bonds, inferred that 1,3-cycloheptadiene exists in a C s form. The vibrational spectrum of 1,3-cycloheptadiene was also interpreted in terms of a C s form. 86 A virah et 01. 198 investigated the microwave spectrum of 1,3-cycloheptadiene. In their opinion, the agreement between the observed and calculated rotational constants based on the electron diffraction studies argues strongly for the C s form. In addition to experimental results, molecular mechanics calculations on 1,3-cyc1oheptadiene have also been reported. In early work, Favini et aJ.199, 200 found for the most stable conformation a C 2 form, which was replaced by the C s structure in more recent studies. 201 ,264 The existence of three forms which are relatively close in energy was found in the later work of Favini et ale 2M The C s form was found to be 7.6 kJ mol-1 more stable than the form with C z symmetry and 3.4 kJ mol-1 more stable than the intermediate nonsymmetrical form ( C j ). Allinger and Sprague 202 predicted that the molecde undergoes an almost unhindered pseudorotationbetween a C s form and an alternate nonsymmetrical form (C 1)' This pseudorotating structure is in equilibrium with the C z form separated by a barrier of about 4 kJ mol-1. According to ab initio calculations of Saebrh and Boggs,203 there are three energy-minimum conformations of 1,3-cycloheptadiene, viz., the most stable C s form and two C 2 forms with energies higher than that of C s by 10.5 and 60.0 kJ mol-I, respective-'ho'ble 24. Ideal gas thermod.,namic properties for 1.3-cyclohepta- The product of the principal moments of inertia, given in Table 6 , was calculated using the rotational constants of Avirah et af. 198 This value agrees with those calculated from electron diffraction data. 194, 195 Ansmann and Schrader 86 investigated the infrared and Raman spectra of liquid 1,3-cycloheptadiene and presented the vibrational assignment on the basis of normal coordinate analysis. Their frequencies are listed in Table 7 . Vapor-liquid frequency shifts were taken into account in estimating the inaccuracies in the adopted fundamentals.
Ideal gas thermodynamic properties for 1,3-cycloheptadiene, given in Table 24 , are reported for the first time. No experimental data are available for comparisons.
1,3,S-Cycloheptatriene
Cycloheptatriene has a nonplanar equilibrium conformation (boat form of C s symmetry), as shown by electron diffraction,204 microwave,205 infrared and Raman,206 and nuclear magnetic resonance 207 ,208 measurements as well as by force-field 165,209-211 and ab initio 203 ,212 calculations. A planar structure (C 2v symmetry) was found to be about 25 kJ mol-'-I higher in energy and to be a transition state on the ~~nergy surface, probably for interconversion of boat ; lormsP03,207,208,212 Conflicting results concerning the degree of nonplanarJthe cycloheptatriene ring have been published. Traette-~( )4determined the total molecular structure by electron Table 25 . Ideal gas tbe1'2lOd;}'D8Dic properties for l,5,5-cyclo- The product of the principal moments of inertia, given in Table 6 , was calculated using the rotational constants of Butcher. 205 Evans and Lord 213 interpreted the infrared and Raman spectra of cycloheptatriene assuming a planar structure of C 2v symmetry. Later, La Lau and De Ruyter 06 investigated the Raman spectrum of liquid cycloheptatriene and proposed the reassignment of Evans and Lord's data 213 for C s symmetry. Paulick et af. 210 presented a new interpretation of vibrational spectra 206 ,213 on the basis of the force-field calculation. Vibrational frequencies, listed in Table 7 , were obtained by means of critical comparison of experimentaF06,213 and -calculated 21O freqencies of cycloheptatriene with those for related compounds. The adopted vibrational assignment gives a better agreement between experimental and calculated values of S" (298.15 K) than those of La Lau and Ruyter 2M or Paulick. et ul.?l0 Ideal gas thermodynamic properties for 1,3,S-cycloheptatriene are presented in Table 2S . The agreement between the calorimetric entropyl88 and our calculated value is satisfactory within the experimental uncertainty (Table   32 ). The value of S" (298.15 K) calculated by Evans and Lord 213 for a planar structure is about 2 J K -1 mol-1 larger than that calculated in the present work.
Cyclooctane
Some families of cyc100ctane conformations were identified by conformational energy calculations. 91 ,139,182,214-216,263 The most stable conformation of cyc100ctane is the boat-chair (BC) .of C s symmetry and according to most of calculations two families of conforma-DOHOfEEVA, GURVICH, AND JORISH ,\11' ! JH , ' I I l ( ' ) · (crown::(:::tCC~TCC) IhHlt i'illlil' family crown family
The energy differences among these .low-energy conformers are estimated to be from 0.8 to 10 kJ mol-I. It should be emphasized that force-field calculations give inconsistent results on the relative energies of conformers (except that for the BC form) and on the location of conformers on the potential energy surface (local minimum or saddle point). The analysis of torsional energy surfaces presented by Ivanov and 6sawa:263 shows that even slightly different force fields exhibit significantly different pictures for the dynamic behavior of the cyclooctane molecule. Experimental investigations have led to a variety of conclusions. Nuclear magnetic resonance experiments 217 ,218 provide evidence for the boat-chair and indicate the presence of a small amount of another form, probably of the crown family. The gas-phase electron diffraction data of AImenningen et al. 219 were not compatible with the assumption of any single geometry. but rather with a mixture of several conformations. However, good agreement between experimental and theoretical electron diffraction data was obtained for the boat-chair conformer in a recent reinvestigation by Dorofeeva el al. no An early vibrational study:J:J I arrived at the conclusion of a tub form for cyclooctane, which is now known to be incorrect. Pakes et al. 222 examined the vibrational spectra of cyclooctane, giving special attention to the low-frequency region. Agreement between calculated and observed vibrational frequencies was obtained only for the boat-chair conformer.
Although several low-energy conformers of cyclooctane were predicted from theoretical calculations, reliable experimental evidence for their existence has not been obtained. We have performed the calculations of the standard entropy of gaseous cyclooctane for models of different conformational composition 187 and have shown the value of S" (298.15 K) for the single boat-chair form to be 14.7 J K _1 mul-' less than the experimental value. It should be noted that the set of conformers calculated by Pakes et al. 216 is not sufficient to reproduce the experimental entropy. A good agreement between experimental and calculated entropy values was achieved by assuming that in two above families of the cyc100ctane conformers the intermediate nonsymmetrical (C 1 ) energy-minimum forms exist:
(The existence of C 1 forms is assumed by analogy with strain-energy calculation results 1,4-cyclooctadiene.:J23 The crown form is excluded from consideration because according to the calculation of Pakes et a1.,216 it is a saddle point.
See also Ref. 187.) To calculate the thermal functions of cyc1ooctane, the six conformers of this molecule were taken into account (Table 8) : the most stable boat-chair conformer and the five forms (TCC, C 1 , CC, C I , and TBC) with energy higher by 275 cm-1 (3.3 kJ mol-I). Average relative J. Phys. Chern. Ref. Data, Vol. 15, No.2, 1986 The electron diffraction structural parameters obtained by Dorofeeva et al. 220 were used to calculate the product of the principal moments of inertia (Table 8 ). These parameters are consistent with those obtained by force-field calcu~ lations. 216 ,220
The vibrational frequencies of cyclooctane used in our calculations (Table 9) were taken from the study of Pakes el a1. 222 These authors have examined in detail the vapor and liquid-phase infrared spectra, vapor-phase far-infrared spectrum, and liquid-phase Raman spectrum, and carried out a normal coordinate analysis to confirm their vibrational assignment.
Ideal gas thermodynamic properties for cyclooctane are given in considered in the present work (Table 8 ). The relative energy oftbis form, l(X)O cm 1 (12 kJ moll), was estimated from the force-field calculations. 157.193,201 The product of the principal moments of inertia for trans-cyclooctene, given in Table 8 , was calculated from the electron diffraction structural parameters of Traetteberg. 226 These parameters are consistent with those obtained by force-field calculations. 160, 193, 226, 227 Until now no vibrational spectra of trans-cyclooctene have been reported. In the present work the fundamental vibrations were estimated by nonnal coordinate calculations. The similarity afforce fields for cyclohexene, 151 cyc1o-heptene,169 and related compoundS allows a decision to be made concerning the transferability of the force fields for cycloalkenes. Thus, the force field used was transferred from cycloheptene. 189 For normal coordinate calculations we used the NCA program written by Novikov. 83 The fundamental frequencies, given in Table 9 , were selected on the basis of our calculations and the comparison with fundamentals of cyclohexene and cycloheptene; their uncertainties are estimated to be 20-50 cm -1.
Ideal gas thermodynamic properties for trans-cyclooctene, given in Table 27 , are reported for the first time. No experimental data are available for comparisons.
Cis, cis .. 1 ,3-Cyclooctadiene
Cis,cis-l,3-cyclooctadiene is the most stable isomer of 1,3-cyclooctadiene. Braude,228 from ultraviolet spectroscopy, and Schrader and Ansmann,197 from infrared data on stretching vibrations of the double bonds. deduced that the diene system in cis,cis-l ,3-cyc1ooctadiene must be nonplanar with a torsional angle of about 40°-45° and 38'>, respectively.
Traetteberg 229 bas investigated the structure of cis,cis-l,3-cyclooctadiene in the gas phase by electron diffraction and has. reported that the conformation is irregular twist-boat (C 1 symmetry) with a diene twist angle of 38°. Allinger et (1/.' 230 studied cis,cis-l,3-cyc100ctadiene by the iterative rorce4ield method. The molecule is calculated to be a mix-;'tu1CJ)ftwo conformations, one of which has a C 2 axis, and ,~,. ~is irregular. The energies of these two conformations are ated to be very nearly the same. These results are consistent with the noniterative force-field findings. 199. 200 Anet and Yavarf Z31 have Investigated ClS,C1S-l ,3-cyclooctadiene by dynamic nuclear magnetic resonance spectroscopy and have also reported iterative force-field calculations of the interconversion paths of cis.cis-1.3-cYclooctadiene conformations. According to their data, the compound exists as a nearly equal mixture of symmetrical (C 2 ) twist-boat-chair and unsymmetrical (C 1 ) twist-boat conformers. This is in agreement with previous calculations. 199, 200, 230 The mixture of the two conformers of cis,cis-l,3-cyclooctadiene was considered in this work (Table 8) , where the twist-boat-chair is the predominant conformation and is more stable than twistboatby200cm-1 (2.4kJ mol- Electron diffraction structural parameters of the C 1 conformer determined by Traetteberg 229 were used to calcu~ late the product of the principal moments of inertia (Table   8) . Allinger et al. 230 suppose that this structure must be some kind of average over the two conformations of cis,cis-
Only infrared data on the stretching vibrations of C = C bonds have been reported for 1,3-cyclooctadiene.
197
The vibrational frequencies, given in Table 9 , were estimated on the basis of normal coordinate calculations. The similarity of force fields for 1,3-cyclohexadiene,85 1,3-cyc1ohepta-diene,86 and related compounds allows a decision to be made concerning the transferability of the force fields for 1,3-cycloalkadienes. Thus, the force constants used were transferred from 1,3-cyc1obeptadiene. s6 For normal coordinate calculations we used the NCA program by Novikov. 83 The fundamental frequencies, given in Table 9 , were selected on the basis of our calculations and the comparison with fundamentals of 1,3-cyclohexadiene and 1,3-cycloheptadiene. The uncertainties of calculated frequencies are estimated to be 20-50cm-
•
The enthalpy of formation, presented in Table 8 ftoJ.e i!l:I. ~o.ea.L gas 'IiJle~0 proper1;18S :tor 018,01S-J..,- cis-1,5-cyclooctadiene and has shown that three conformations correspond to potential energy minima: the most stable twist-boat form and two forms of C 2h (chair) amI C s symmetry with energies· higher than that of twist-boat by about 17 kJ mol-l. This result agrees well with the interpretation of nuclear magnetic resonance spectra by Anet and Kozerski 234 but less well with Allinger and Sprague's force-field calculation. 235 In the latter work five conformations correspond to energy minima, the relative energy of chair form being -., 6 kJ mol-I. No significant evidence for the presence of the chair form was found in the electron diffraction study of Hagen et ai.,233 but amounts less than about 10% in an equilibrium mixture with the twist-boat form cannot be ruled out. On the basis of the above experimental and theoretical data on cis,cis-l,5-cyclooctadiene, three stable conformations of this molecule (twist-boat, chair, and C s form) were considered in the present work (Table 8 ). The relative energy of chair and C s forms, 1500 cm -1 (18 kJ mol-I), was adopted according to the force-field calculations of Ermer. 236 The product of the principal moments of inertia for the twist-boat conformer, given in Table 8 , was calculated from structural data obtained by electron diffraction?33
Infrared and Raman spectra of the liquid and solid 1,5-cyclooctadiene were reported 237 ,238 but no vibrational assignments were presented except for v(e = e). To estimate a complete set of fundamentals. the normal coordinate calculations were carried out in this work. The similarity of the force fields for cyclohexene,151 cycloheptene,189 and trans, trans,trans-cyclododecatriene 239 permits the transfer of the force constants from these molecules to 1,5-cyc1ooctadiene. The fundamental frequencies, adopted in Table 9 , were selected on the basis of normal coordinate calculations. For Table 29 . Ideal gas t.bermodynam1c propen;ie8 tor 018,c18-l,5- Table 9 are those by Popov and Kogan. 249 Their vibrational assignment gives a better agreement with experimental t:lltropy than th~ oth~l-S. The adopted values of frequencies were taken from the Raman spectrum of the liquid (AI and Bl modes), from in- ." c The entropy value was calc.ulated from equilibrium data. (Table 32) , while the C; values are close to those given in Table 30 . The discrepancies in the entropy values are due to the different vibrational frequencies adopted for calculations (the discrepancy in symmetry numbers is compensated for the presence of optical isomers in the case of D 4 symmetry).
